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We report a novel phenomenon intimately related to the spin-triplet superconductivity. It is well
known that the spin susceptibility decreases below the superconducting transition temperature in
almost all superconductors because of spin-singlet pair formation, while it may remain unchanged
in a handful of spin-triplet exceptions. Here we report the observation in Sr2RuO4 with nuclear
magnetic resonance (NMR) that the spin susceptibility originating from the Ru-4d electron slightly
increases by ∼ 2% of total and becomes inhomogeneous in the superconducting state. These are
reasonably explained if the electron pairs form the equal-spin-pairing (ESP) in the mixed state. A
similar phenomenon was predicted for superfluid 3He forty years ago, but had never been demon-
strated in any superconductor.
PACS numbers: 76.60.-k, 71.27.+a 74.70.Xa
Sr2RuO4 (SRO) with the same tetragonal structure
as the high-temperature superconductor La2−xSrxCuO4
shows the unconventional superconductivity at 1.5 K on
the ground of a well-characterized Fermi-liquid state[1].
This implies that the superconductivity in SRO can be
interpreted based on the weak-coupling theory more gen-
erally. To understand the superconducting (SC) nature,
one of the most important properties of superconductiv-
ity is the spin state of the SC pairs. We have measured
the Knight shift at the 17O and 99Ru sites of SRO, par-
ticularly in the SC state, since the measurement of the
Knight shift probing the static hyperfine field at the nu-
clear site is one of the most reliable methods to measure
the spin susceptibility [2]. We have reported that the
Knight shifts of 17O [3, 4] and 99Ru [5, 6] nuclei are un-
changed in the SC state. The unchanged spin susceptibil-
ity, which was supported also from the polarized neutron
scattering measurements [7], strongly suggests that the
equal-spin-pairing (ESP) state of the spin-triplet super-
conductivity is realized in SRO, in which the SC pairs
consist of the up-up (| ↑↑〉) or down-down (| ↓↓〉) pairs.
In addition, the µSR [8] and Kerr-effect [9] measure-
ments in the SC state suggest the broken time-reversal
symmetry. Unlike heavy-fermion systems, the effect of
spin-orbit coupling should be relatively weak, the pair-
ing state in SRO would be closely analogous to the case
of superfluid 3He. By taking the experimental results
into account, the chiral p-wave spin-triplet state, which
is analogous to the A-phase of superfluid 3He [10], has
been considered as the most promising candidate for the
SC pairing state [11, 12].
However, toward the establishment of this pairing
state, there still remains a controversy since the su-
perconductivity is strongly suppressed with a first-order
transition under the in-plane magnetic fields near the SC
critical field Hc2 as shown in Fig. 1 (a) [13, 14]. In ad-
dition, sharp magnetization jump with the hysteresis at
Hc2 was observed when the magnetic field is exactly par-
allel to the ab plane at 0.1 K [15]. These are phenomena
usually expected in a spin-singlet superconductor [16, 17].
Furthermore, non-detection of some of the behaviors ex-
pected for the chiral p-wave state (e.g. chiral edge current
[18–20] and splitting of Tc by in-plane magnetic fields of
any magnitude [21]) casts some doubts on this pairing
state. Therefore, convincing evidence for establishing the
SC pairing state in SRO, particularly finding a new phe-
nomenon specific to the pairing state, has been desired.
In this paper, we report, from the “double-site”
Knight-shift measurement in the SC state, which is the
reliable method to subtract the Meissner effect from the
observed Knight shift, that the spin susceptibility of SRO
becomes inhomogeneous and its average slightly increases
in the SC state. The small increase of spin susceptibility
cannot be explained with a singlet-pairing state but con-
sistently interpreted with the ESP state in triplet super-
conductivity. As far as we know, the increase of the spin-
susceptibility in the SC state has not been reported in
any superconductors, thus would be a new phenomenon
specific to spin-triplet superconductors.
We performed 99Ru- and 87Sr-NMR on single crystals
of SRO (Tc ∼ 1.5 K) under a precise control of the an-
gle between the a axis and external fields with the ac-
curacy of better than 0.5◦. Low-temperature NMR and
Meissner measurements were carried out with a 3He-4He
dilution refrigerator, in which the single-crystalline SRO
is immersed into the 3He-4He mixture to avoid RF heat-
ing during the measurements. In addition, we measured
99Ru and 87Sr Knight shifts, at the same field and pulse
conditions[22]. The Knight shift K at a constant exter-
nal magnetic field is defined as the frequency shift from
a reference frequency (fref), f − fref, divided by fref , i.e.,
K ≡ (f/fref)− 1. The double-site Knight-shift measure-
ment is the Knight-shift measurements on two different
nuclei in the same compound, which is particularly use-
ful for the precise extraction of spin-susceptibility in the
SC state. We denote the spin and orbital shifts at the
20.0 0.5 1.0 1.5
0.0
0.5
1.0
1.5
2nd order
1st order
H  c
H // c 
 
 
0
H
  
(T
)
T  (K)
Sr
2
RuO
4
   H
c2
(a)
0.8 1.0 1.2 1.4 1.6
-2.0
-2.5
-3.0
-3.5
(b)
0
H  (T)
H  c
 70 mK
Sr
2
RuO
4
 
 
9
9
K
 -
 8
7
K
 (
 %
 )
FIG. 1: (Color online) SC phase diagram of the present SRO
sample determined by acχ in H parallel and perpendicular to
the c axis. The H region where the SC transition is of the 1st
[2nd] order is shown by the red [blue] points and lines. The
vertical [horizontal] dotted arrow shows the H(T ) scan mea-
surement shown in Fig. 2 (a) [Fig. 3 (a)]. Field dependence
of the difference in the Knight shift between 99Ru (99K) and
87Sr (87K) measured at around 70 mK.
i [i = 99(Ru) and 87(Sr)] site as iKs(T,H) and
iKorb,
respectively; iKorb should be a positive value and is usu-
ally temperature and field independent. The observed
total NMR shift iK(T,H) at the i site in the SC state is
expressed by
iK(T,H)
=
[
1 +i Ks(T,H) +
i Korb
]
[1 +Kdia(T,H)]− 1
≈ iKs(T,H) +
i Korb +Kdia(T,H)
The factor 1+Kdia takes into account of the SC diamag-
netic reduction of the magnetic field due to the Meiss-
ner effect. Kdia(T,H) is denoted as ∆B(T )/H with SC
diamagnetization ∆B(T ) and is the same for all nuclear
species in the sample because it is a bulk phenomenon
ascribed to the SC screening current varying in the
scale of the London penetration depth [λ//ab ≈ 0.15µm,
λ//c ≈ 3µm at T → 0] [12, 23]. In addition, higher or-
der terms are neglected because Kdia is four orders of
magnitude smaller than unity. Thus the difference be-
tween 99K(T,H) and 87K(T,H) does not contain the
Kdia(T,H) term and is expressed as,
99K(T,H)−87 K(T,H)
=
[
99Ks(T,H)−
87 Ks(T,H)
]
+99 Korb −
87 Korb
=
(
99Ahf −
87 Ahf
)
χs(T,H) + const.,
where iAhf is the hyperfine coupling field at the i site
and χs(T,H) is the spin susceptibility per a Ru atom
and the relation of iKs(T,H) =
i Ahfχs(T,H) is used. It
is crucially important to note that the 99Ahf at
99Ru is
approximately two-orders of magnitude larger than 87Ahf
at 87Sr, (99Ahf ∼ −25 T/µB [5] and
87Ahf ∼ 0.3 T/µB
[24] ). It should also be noted here that the sign of 99Ahf
is negative due to the core polarization effect by Ru-4d
electrons in contrast with small and positive 87Ahf due to
Sr-5s electrons. Roughly speaking, 87K mainly detects
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FIG. 2: (Color online) (a) 99Ru-NMR spectra, arising from
the central (−1/2 ↔ +1/2) transition, measured in the nor-
mal and SC states under the various fields from 1.55 T greater
than the in-plane Hc2 value to 0.905 T below Hc2. The peak
position and linewidth of the NMR spectra at 1.55 T are un-
changed, indicating that the electronic state in the normal
state is invariant at low temperatures. However, the peak po-
sitions in the SC spectra start to decrease below 1.15 T. (b)
87Sr-NMR signal, arising from the central (−1/2 ↔ +1/2)
transition, measured in the normal and SC states under µ0H
= 1.05 and 0.905 T smaller than Hc2. The peak position and
linewidth of the NMR spectra are almost unchanged, indicat-
ing that the change of 87K perpendicular to the c axis in the
SC state are negligibly small. NMR spectra are normalized
with the peak height, and spike noise is erased for eye appeal.
the interior field distribution originating from the Meisser
effect only, whereas 99K additionally detects the spin-
susceptibility governed by the Ru-4d electrons forming
Cooper pairs in the SC state.
Figure 1 (b) shows the field dependence of the differ-
ence 99K −87 K, measured at around 70 mK in the field
range between 1.6 and 0.905 T. No appreciable change
of 99K −87 K was detected within the accuracy of 0.1
% down to 1.1 T, although superconductivity sets in be-
low 1.5 T. Since the quantity 99K −87 K is free from the
Meissner effect, the invariant 99K−87K clearly indicates
that the spin-susceptibility in the SC state is unchanged
from that in the normal state. Interestingly, although
the experimental error becomes larger due to the weaker
NMR intensity in smaller fields, 99K −87 K slightly in-
creases below 1.1 T. This tendency is appreciable from
the comparison between the NMR spectra in the normal
state and those in the SC state at the 99Ru and 87Sr sites,
which are shown in Fig. 2(a) and Fig. 2(b).
The nearly unchanged 87Sr-NMR spectra in the SC
state are in good agreement with the experimental facts
that the SC diamagnetic field is negligibly small due
to the plate-like shape of the crystal, estimated as ap-
proximately only 0.1- 0.2 mT for the in-plane magnetic
fields[11, 25] ,and that spin susceptibility is small at the
87Sr site. In contrast, the 99Ru-NMR spectrum, which
is totally unchanged under the field of 1.55 T, becomes
3broader and its “center of gravity” is slightly shifted to
the negative side in the SC state in the fields lower than
1.1 T. It should be noted that the negative shift of the
99K indicates that the spin-susceptibility increases in the
SC state, since the hyperfine coupling constant 99Ahf at
99Ru is negative. The broadening of the 99Ru-NMR spec-
trum seems to be related with the character of the SC
transition: the spectrum is almost unchanged in the field
range where the SC transition is of the 1st order, but
starts to broaden and slightly shifts to the lower fre-
quency when the SC transition is of the second order
in the field. Such field dependence is attributed to the
fact that the SC fraction at low temperatures becomes
larger in lower fields.
The change of the 99Ru-NMR spectra in the SC state
is clearly observed from the T -scan measurement at 1.04
T. Figure 3 shows (a) 99Ru NMR spectra arising from
the central (1/2↔ −1/2) transitions at various temper-
atures, and the temperature dependencies of (b) Meissner
signal, (c) full widths at half maximum (FWHM) of the
NMR peaks, and (d) the frequency shift from the normal-
state values above Tc (δf) in both
99Ru- and 87Sr-NMR
spectra. The 99Ru-NMR spectra become broader in the
SC state. The FWHM and the peak frequency were de-
termined by fitting the observed spectra to the Gaus-
sian function shown in Fig. 3(a). The FWHM increases
gradually below Tc(H), and δf appreciably shifts to the
negative frequency below 0.5 K.
While such broadening and tiny shift of the spectra
(∆FWHM = 3 ± 0.5 kHz, δf = 1.8 ± 0.5 kHz) were ob-
served in the previous measurements [5], we could not
conclude that these behaviors originate from the Ru-
4d electrons without the present firm evaluation of the
Meissner effect from the 87Sr-NMR measurement. Al-
though the observed change of the 99Ru-NMR spectrum
at 1.04 T is small, it corresponds to the ∼ 1.5 mT
broadening and ∼ 1 mT shift, which are much larger
than the Meissner effect evaluated from the 17O-NMR [3]
and small-angle neutron scattering measurements [25].
Therefore, the broadening of the spectra and negative
shift of the 99K imply that the hyperfine field at 99Ru,
which is proportional to the spin susceptibility produced
by the Ru-4d electrons, becomes inhomogeneous and its
average slightly increases in the SC state.
To the best of our knowledge, the increase of the spin
susceptibility in the SC state has never been reported
so far. Particularly, it seems impossible to explain the
observed increase of the spin susceptibility at lower tem-
peratures on the basis of a singlet-pairing scenario, since
the spin susceptibility of the singlet pairing decreases
to zero at T = 0 in principle. The Knight-shift differ-
ence between the normal state (KS) and the SC state
(KS) δK = KS −KN of the
99Ru NMR, estimated to be
δ99K ∼ −0.09 % at T → 0, is entirely dominated by the
change of the spin part, since the shift by the Meiss-
ner effect is negligibly small. This gives the increase
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FIG. 3: (Color online)(a) 99Ru NMR spectra arising from
the central (1/2 ↔ −1/2) transitions measured at various
temperatures at 1.04 T. Spike noises are erased for eye appeal.
The dotted Gaussian peaks are fittings for the estimation of
the FWHM and δf . Temperature dependence of (b) Meissner
signal (c) the full width at half maximum (FWHM) and (d)
the frequency shift from the normal-state values above Tc in
both 99Ru- and 87Sr-NMR signals. The 87Sr-NMR data were
obtained at 1.05 T. The scales of (c) and (d) for 99Ru (87Sr)
are shown in the left (right) axes.
of the electronic magnetization δm ∼ 2.7 × 10−5µB in
the SC state, which is estimated from the relation δm =
(δKµ0H)/
99Ahf , and thus the ratio between δm and the
normal-state magnetization mndefined by mn = χnµ0H
is δm/mn ∼ 2.0× 10
−2.
Now, we discuss the origin of our observation in the
SC state. The magnitude of the spectra broadening is as
expected from the field inhomogeneity in the mixed state
where the nearly half of the region is approximately re-
garded as the field-induced normal state. The question
is the origin of the small increase δm. One possibility
is that δm emerges coherently from a net dipole field by
other Cooper-pair spins perpendicular to the Cooper-pair
orbital moment, which is well known in the A-phase of
superfluid 3He [10]. While this possibility is plausible,
this interaction may be negligible after averaged in the
present MHz time scale, since the interaction would work
in the electronic-spin-resonance frequency range (GHz).
Thus this effect does not induce any spectral shift nor
broadening. The other possibility for an additional spin
polarization below Tc is due to the spin-orbit (SO) in-
teraction with Cooper-pair orbital momentum along the
c-axis [26]. However, in such a non-unitary state, the ad-
ditional spin polarization would be along the c-axis, and
thus is not relevant to the present observation. Rather,
we point out that the extra magnetization in the SC state
is a natural consequence of the ESP state formed by the
strongly correlated electrons as discussed in the recent
theoretical paper [27]. We will next examine this possi-
4bility.
In both the normal state and the ESP states under the
magnetic field, the density of states (DOS) of the down-
spin electrons is larger than those of the up-spin electrons
due to the spin polarization. Under such difference in
DOS, the SC condensation energy of each spin species
in the ESP state is different in general. This may lead
to an additional spin polarization in the SC state, and
this polarization is enhanced in the strongly correlated
electron system; to gain the free energy associated with
the SC condensation, the up-spin and down-spin pairs are
redistributed with each other. Based on this mechanism,
the ratio of the extra magnetization δm to the normal
magnetization mn (at T = 0 K) is calculated as [27],
δm
mn
≈
α∆2
4µBǫFµ0H
(
1 +
2
V NF
)
(1 + F a0 ) , (1)
where ∆, ǫF, (V NF)
−1, and F a0 are the SC gap, the ef-
fective Fermi energy, the SC coupling constant of SRO,
and the Landau parameter for correction of the suscep-
tibility, respectively. Here, α is a coefficient character-
izing the steepness of the slope of the energy-dependent
DOS around ǫF; the energy dependence of the DOS is
expressed as,
N(ξ) ∼= NF
(
1 +
α
ǫF
ξ
)
,
where ξ is the quasiparticle energy measured from the
chemical potential. Details of the derivation of eq. (1)
are shown in supplemental material [28].
The increase of the magnetization induced by this ef-
fect was first predicted by S. Takagi as a possible effect
in the A1 phase of superfluid
3He [29]. We point out
that the extra magnetization by this effect is enhanced
in SRO since the energy dependence of the DOS near
ǫF is sharper due to the van-Hove singularity of the γ-
band and the ratio of the SC-gap energy to ǫF is larger
than that of conventional superconductors. In addition,
the extra magnetization would be inhomogeneous, since
the measurement is done in the SC mixed state, where
the normal-state component is induced by the external
field. By using the physical parameters reported in SRO
(ǫF ∼ 3.8× 10
3 K, ∆ ∼ 1.7× Tc ∼ 2.6 K, (V NF)
−1 ∼ 7,
and (1 + F a0 ) ∼ 1/2 [26]), the enhancement of the mag-
netization δm/mn is estimated to be
δm
mn
≈ 5.5× 10−3α.
Although the parameter α in ideal two dimensional Fermi
surfaces is known as α = 0, the parameter α of the γ
band, which is active for superconductivity, is estimated
to be α ∼ 4, since the γ band is close to the van Hove
singularity [30], which is actually suggested by La-doped
Sr2RuO4 [32]. Therefore, the experimental finding of
δm/mn ∼ 2.0×10
−2 is consistently interpreted with this
mechanism.
It should be noted that the extra magnetization δm
is independent of the magnetic field H , which implies
that the spontaneous magnetization exists or the time re-
versal symmetry is spontaneously broken. However, this
spontaneous magnetization would not be related with the
spontaneous field (0.06 mT) detected by the µSR mea-
surement [8]. This is because the effective field probed by
muon, which is produced by the spontaneous magnetiza-
tion, is one-order of magnitude smaller than 0.06 mT due
to the smaller hyperfine coupling between the muon and
electron spins [27]. On the other hand, the spontaneous
field 0.06 mT cannot be detected by the 99Ru and 87Sr
NMR spectra, since it corresponds to the 0.1 kHz shift
due to the small gyromagnetic ratio of the 99Ru and 87Sr
nuclei. This implies that the spontaneous field probed by
muon does not originate from the spin component, but
from the orbital component of the SC pairs.
Next, we comment on a Tc splitting in the ESP state
under magnetic fields. It is noted that the same spin
polarization would induce a Tc splitting just like the A1
phase of superfuid 3He. By using the same notation as
above, the splitting of Tc in µ0H = 0.9 T is estimated as
δTc
Tc
≈
2α
V NF
µBµ0H
ǫF
∼ 2.2× 10−3α.
By taking α ∼ 4, which is satisfied with the extra mag-
netization reported here, δTc is ∼ 9 mK. This splitting
is smaller than the present experimental resolution, but
in principle detectable by other physical quantities such
as specific heat.
In conclusion, we found from the double-site Knight-
shift measurements that the magnetization originating
from the Ru-4d electrons becomes inhomogeneous and
its average slightly increases in the SC state, particu-
larly below 1.1 T. We show that the extra magnetization
is consistently understandable as a characteristic feature
of the ESP state, and is a new phenomenon specific to
the ESP in triplet superconductivity. The present result
strongly suggests that the origin of the first-order transi-
tion is not ascribed to the Pauli-depairing effect, but to
other effects including orbital degree of freedom or new
effects which have never been discussed before.
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6SUPPLEMENTARY MATERIAL FOR “ SPIN
POLARIZATION ENHANCED BY
SPIN-TRIPLET PAIRING IN SR2RUO4 PROBED
BY NMR”
EXPERIMENTAL DETAILS
We used three pieces of single crystals for the present
measurements. The largest crystal was 4× 11× 1 mm3.
These samples were identical to those used in the pre-
vious measurements[5, 6, 31] The precise alignment for
applied in-plane fields to SRO is achieved from the angle-
dependence of the Meissner signal shown in Fig. 1. When
fields are exactly parallel to the basal plane, the Meiss-
ner signal shows a local maximum, which is similar to a
Josephson vortex lock-in behavior where the vortices are
mobile along the layer. This is because the SC anisotropy
of SRO is large (Hc2,ab/Hc2,c ∼ 20)[23], although the su-
perconductivity in SRO is three-dimensional. NMR mea-
surements were carried out under the precise alignment
of in-plane field within a 0.5◦.
Some properties of Sr and Ru isotopes relevant to the
present NMR measurements are listed in Table 1. NMR
frequency of 87Sr (I = 9/2) and 99,101Ru (I = 5/2) in
SRO under the field along the RuO2 plane H (x direc-
tion) can be calculated by solving the secular equations
of
H = HZ +HQ
= −
γn
2π
h(1 +i Kab)Ix · µ0H +
hνQ
6
[
3I2z + I(I + 1)
]
where HZ and HQ are the Zeeman and electric
quadrupole interactions. iKab and
iνQ are the Knight
shift along the RuO2 plane and the electric quadrupole
frequency along the principal axis (c axis, z direction)
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FIG. 4: (Color online) The dependence of the Meissner signal
on the angle between the applied magnetic field and the RuO2
plane measured at 1.02 K under 0.15 T. The inset shows an
enlarged view around θ = 0.
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FIG. 5: (Color online) The NMR frequencies of each transi-
tion of 87Sr, 99Ru, and 101Ru in SRO under the basal plane.
The frequencies are calculated by solving the secular equa-
tion with the Knight-shift values and quadrupole frequencies
of SRO. The fractions indicate the eigenvalues of Iz.
at the i [i = 99(Ru) 101(Ru) and 87(Sr)] site, and these
values in SRO were already evaluated from the previ-
ous measurements [6, 24, 31]. The resonance frequen-
cies (fres) of
87Sr, 99Ru and 101Ru in SRO under certain
magnetic fields parallel to the basal plane are evaluated
from the difference between the relevant eigenvalues of
H , which are shown in Fig. 2.
TABLE I: Properties of Sr and Ru isotopes; the nuclear spin I ,
the gyromagnetic ratio γn, the nuclear quadrupolar moment
Q, and the natural abundance N.A.
I γn/2π(MHz/T) Q(10
−24cm2 ) N.A.(%)
87Sr 9/2 1.845 0.3 7.0
99Ru 5/2 1.954 0.076 12.7
101Ru 5/2 2.193 0.44 17.1
ESTIMATION OF EXTRA MAGNETIZATION IN
THE SC STATE
In the following, we explain the origin of the extra
magnetization in the SC state from the phenomenologi-
cal discussion. This follows a part of Ref. [27], in which
the ground-state of SRO and order estimation of the ex-
tra magnetization are discussed, but we include simple
diagrams to describe the origin. A physical reason for
the extra magnetization in the SC state is rather simple
if the equal-spin-pairing (ESP) is formed in SRO. Un-
der the magnetic field, the density of states (DOS) of
the normal state quasiparticles of up-spin, N↑(ξ), and
those of down-spin, N↓(ξ), are different if the particle-
hole symmetry is apparently broken, i.e., N(ξ)’s are not
constant but have linear term in the energy ξ measured
from the chemical potential. Then, the free energy gains
associated with Cooper pair condensation are different
7FIG. 6: (Color online) (a) Schematic density of states (DOS)
N(ξ) vs energy ξ of quasiparticles in the normal state. Dotted
lines are DOS without magnetic field H. Green lines with
µBH , and −µBH shifts are DOS for up-spin and down-spin
bands, respectively. The areas shown by shadows indicate
the occupied states. A chemical potential shift due to the
magnetic field is neglected as a negligible effect of the order
of O(µBµ0H/ǫF)
2. (b) DOS N(ξ) vs ξ of quasiparticles in
the SC state. Due to the difference of DOS, the condensation
energy for two spin states are different with each other, and
thus some part of up-spin quasiparticles migrate to down-spin
band so as to gain more total condensation energy.
in general, resulting in a redistribution of up-spin and
down-spin component so as to gain more total condensa-
tion energy. Therefore, depending on the sign of the lin-
ear term of N(ξ), the extra magnetization change arises
under the external magnetic field H .
Similar mechanism was predicted by S. Takagi as a
possible effect of discontinuity in the spin susceptibility
at critical temperature Tc where the superfluid
3He ex-
hibits a second-order phase transition from the normal to
the A phase at H = 0 [29]. The paper by Takagi also pre-
dicts that in the A1 phase, which emerges for H 6= 0 with
only one spin species forming Cooper pairs, there exists
an extra spin-polarization independent of H other than
the BCS-type contribution. On the other hand, it pre-
dicted that the extra magnetization disappears as the A1
phase evolves into the A phase where both up- and down-
spin components are forming the Cooper pairs. This is
because Takagifs theory did not take into account the
redistribution of fermions with up- and down-spin com-
ponents in the A phase, while it took into account the
migration of fermions in the normal down-spin band to
the up-spin ESP state in the A1 phase. (Note that the
sign of magnetic moment of electron and 3He is oppo-
site.) We reformulate Takagi’s discussion and extend it
to the ground state under the magnetic field H [27]. To
begin with, we assume the ξ dependence of the DOSN(ξ)
without the magnetic field H is given by
N(ξ) ≈ NF
(
1 +
α
ǫF
ξ
)
, (S1)
where α parameterizes steepness of the slope of N(ξ)
around ξ = 0, and ǫF is the effective Fermi energy. Then,
the DOS of up spin, N↑(ξ), and down-spin, N↓(ξ), under
the field H are shifted as shown in Fig. 3 (a). Here, we
neglect the shift in the chemical potential of the order of
O(µBµ0H/ǫF)
2. Let us now discuss the consequence in
the ground state based on a simple model. The difference
of the condensation energy for down-spin and up-spin
states in the ground state of ESP pairing is
δEcond = −
1
2
(
N↓∆
2
↓ −N↑∆
2
↑
)
×
1
2
. (S2)
With the use of the weak-coupling expression for the su-
perconducting (SC) gap ∆′s, ∆ = Ωexp(−1/V NF), as
well as eq. (S1) for the DOS’s, δEcond is expressed as
δEcond
= −
1
4
Ω2
{
NF
(
1 +
α
ǫF
µBµ0H
)
exp

− 2
V NF
(
1 + αǫFµBµ0H
)


−NF
(
1−
α
ǫF
µBµ0H
)
exp

− 2
V NF
(
1− αǫFµBµ0H
)


}
,
(S3)
where we used the relations of N↑ = NF(1+αµBµ0H/ǫF)
and N↓ = NF(1 − αµBµ0H/ǫF). Therefore, up to the
linear term in H , the δEcond is given as
δEcond = −
∆2
2
NF
α
ǫF
µB
(
1 +
2
V NF
)
µ0H. (S4)
If α > 0 as shown in Fig. 3 (b), under the magnetic field
H , some part of the up-spin quasiparticles migrate to the
down-spin band so as to gain more total condensation
energy, enhancing the magnetization m to m+ δm. This
extra magnetization δm is determined by the condition
that the energy gain compensates the energy loss δEmag
due to the extra magnetization process. The δEmag is
given as
δEmag =
∫ m+δm
m
µ0HdM =
1
2χ
(m+ δm)2 −
1
2χ
m2
≈
mδm
χ
≈ µ0Hδm, (S5)
, where χ represents the uniform susceptibility in the
normal state. By equating magnitudes of the right hand
sides of eqs. (S4) and (S5), we obtain
δm ∼= −
∆2
2
NF
α
ǫF
µB
(
1 +
2
V NF
)
. (S6)
Equation (S6) is also derived on much more deliberate
calculations in Ref. [27]. The magnetization mn in the
normal state under the magnetic fieldH is given bymn ∼=
2µ2BNFµ0H/(1 + F
a
0 ), where the Landau parameter for
8correction of the susceptibility. Therefore, the ratio of
δm and mn is given by
δm
mn
∼=
α∆2
4µBǫFµ0H
(
1 +
2
V NF
)
(1 + F a0 ) . (S7)
Note that this ratio vanishes as long as the particle-hole
symmetry is retained (α = 0). Here we give a rough order
estimation for δm/m in SRO. The effective Fermi energy
of the quasiparticles ǫF is estimated as ǫF ≈ 3.8 × 10
3
K [26]. Assuming Ω ∼ ǫF, the coupling constant V NF
is estimated as 1/V NF ∼ 7. The SC gap at T = 0 K is
estimated by using the BCS relation, ∆ ∼= 1.7Tc ≈ 2.6
K. The magnetic field µ0H = 1.0 T is equivalent to 0.67
K. The Landau parameter is F a0 ∼ −1/2[11, 26]. Then
the ratio δm/mn at T = 0 K is estimated to be
δm
mn
≈ 5.5× 10−3α. (S8)
Since there exists a van Hove singularity in the DOS of
the γ band, the parameter α is estimated to be α ∼ 4[30],
which is much larger than 1/2, the value of free fermions.
Thus the ratio δm/mn at T = 0 K can be a few percent,
in good agreement with the Knight shift measurement
reported in this paper.
